Abstract -In China, although the production and use of organochlorine pesticides (OCPs) have been banned for decades, relatively high levels of OCP residues have still been found in some water bodies, and can result in adverse acute and chronic effects on zooplankton including rotifers, which have caused public concern for many years. Responses in the population growth and reproduction of freshwater rotifer Brachionus calyciflorus to four OCPs including aldrin, dieldrin, b-hexachlorocyclohexane (b-HCH) and chlordecone were studied by 3-day population growth and 4-day resting eggs (RE) production tests. In comparison with control, aldrin at 10 mg.L 
x1
, b-HCH at 1000 mg.L x1 and chlordecone at 0.05 mg.L x1 significantly increased the population growth rate (r); but aldrin at 100 mg.L , and chlordecone at concentrations 0.005 and higher than 0.5 mg.L x1 significantly decreased the ratio of ovigerous females to non-ovigerous females (OF/NOF), but the reverse was true for aldrin at 0.1 mg.L x1 and b-HCH at 0.001 mg.L
. Dieldrin at 0.001, 0.01 and 1000 mg.L x1 significantly decreased the ratio of mictic females to amictic females (MF/AF), but b-HCH at 1 and 10 mg.L x1 highly significantly increased it. Dieldrin at 1000 mg.L x1 and b-HCH at concentrations higher than 10 mg.L x1 markedly decreased the fertilization rate (FR). Both aldrin and chlordecone have no significant effect on the MF/AF and FR of rotifers. Aldrin at concentrations higher than 1 mg.L x1 , dieldrin at lower than 0.1 and higher than 10 mg.L x1 , b-HCH at 1000 mg.L x1 and chlordecone at 0.005, 0.05 and 50.0 mg.L x1 significantly decreased the mictic rate (MR) of rotifers, but the reverse was true for b-HCH at 1 mg.L x1 . Aldrin at 10 mg.L x1 , dieldrin at 0.001, 0.1 and 1000 mg.L x1 , b-HCH at concentrations higher than 1 mg.L x1 and chlordecone at concentrations higher than 0.005 mg.L x1 markedly decreased RE production of rotifers, but b-HCH at 0.01 mg.L x1
Introduction
During the past few decades, several organochlorine pesticides (OCPs) were extensively used in Asian developing countries including China for agriculture and pisciculture in order to control unwanted insects and weeds (Fernandez-Casalderrey et al., 1992) . OCPs can be transported into aquatic environment through different input pathways, such as runoff from non-point sources, industrial discharge, atmospheric deposition and sediment desorption (Zhou et al., 2008) .
Aldrin, dieldrin, hexachlorocyclohexane (HCH) such as b-HCH and chlordecone all belong to OCPs. In China, although the production and use of these OCPs have been either banned for few years or decades or are non-existent, relatively high levels of these OCPs residues have still been found in some water bodies (Cheng, 1990; Li et al., 1998 Li et al., , 2002 Lin et al., 2000; Zhong et al., 2000; Wong et al., 2002; An et al., 2010) . Furthermore, b-HCH with the higher mobility transported by air, was recovered in Artic regions (Li et al., 2002) . Therefore, OCPs might result in adverse acute and chronic effects on zooplankton, fishes, animals, and even human beings owing to their toxicity, persistence and bioaccumulation, which have caused public concern for many years. Hence, it is important to evaluate the effects of these OCPs on aquatic animals including zooplankton.
In freshwater ecosystems, zooplankton community is mainly composed of protozoans, rotifers, cladocerans and copepods (Pennak, 1989) , and frequently used to detect anthropogenic contamination because of their sensitivity to various toxicants and their important role in the ecosystem. Among them, rotifers and cladocerans share many common characteristics that include predominantly parthenogenetic reproduction, comparable lifespan and the ability to utilize microalgae such as Chlorella and Scenedesmus as food (Lampert and Sommer, 1997; Dodson and Frey, 2000) . However, compared with cladocerans, rotifers have some other important characteristics. For instance, rotifers are more diverse, have a smaller body size, a high rate of reproduction, the commercial availability of their resting eggs (RE) and sometimes more sensitive to most toxicants. Due to these characteristics, rotifers, especially Brachionus calyciflorus and B. plicatilis, are more favored test animals in aquatic toxicology (Koste, 1978; Snell and Moffat, 1992; Janssen et al., 1993; Snell and Janssen, 1995) .
Rotifers are a group of free-living, planktonic pseudocoelomates characterized by possessing a wheel of cilia called a corona at the anterior end (Zou, 2003) . There is an alternation of parthenogenic and sexual reproduction in the life cycle of rotifers (Snell and Carmona, 1995) . At the beginning of the growing season, diploid parthenogenic females hatch out from the RE of the previous season. Parthenogenic females reproduce unisexually by laying diploid eggs, which develop into females. Upon receiving appropriate environmental cues, rotifers can switch the mode of reproduction from parthenogenic reproduction to sexual reproduction, in which diploid sexual females are produced (Snell and Carmona, 1995) . Diploid sexual females then produce haploid eggs through meiosis, which develop into haploid males or RE if fertilized by males (Preston et al., 2000) . RE are the sources of genotypic variability and permit escape from harsh environments through dormancy (Birky and Gilbert, 1971; King and Snell, 1977; Pourriot and Snell, 1983) .
Life table demography and population growth studies are the two chronic toxicity tests often conducted on rotifers (Snell and Janssen, 1995) . Life tables provide birth rates and death rates in an age-specific way. Therefore, different life history variables related to survivorship and reproduction can be quantified under different test conditions (Wallace et al., 2006) . However, the life table method does not provide information on the possible adaptation of offspring born under the toxicant treatments chosen for the experiments. Therefore, the life table and population growth methods are complementary to each other (Sarma and Nandini, 2001; Mangas-Ramı´rez et al., 2004) .
In ecotoxicological studies using rotifers, especially B. calyciflorus, endpoints such as 24 or 48 h LC 50 , swimming speed and behavior, filtration rate and enzyme activity have been used (Snell and Janssen, 1995; Guo et al., 2012a) . However, only a portion of the rotifer life cycle or other endpoints are investigated in these studies, the true vulnerability of rotifer life cycle to toxicants is often underestimated (Preston and Snell, 2001) . Hence, several studies assessed the effects of pesticides, heavy metals and endocrine disrupting chemicals on the entire life cycle of rotifers (Snell and Carmona, 1995; Preston et al., 2000; Preston and Snell, 2001; Radix et al., 2002; Xi et al., 2007) . These results showed that sexual reproduction and resting egg production are among the most sensitive endpoints.
Up to now, there are few studies about the effects of aldrin , dieldrin (Huang et al., 2012) and chlordecone to rotifer B. calyciflorus by means of life table techniques. However, the effects of these three OCPs on the sexual reproduction of B. calyciflorus are unknown. In addition, the effect of b-HCH on the reproduction of B. calyciflorus has not been reported.
The main purposes of the present study were to: (1) assess responses in the asexual and sexual reproduction of B. calyciflorus to four OCPs including aldrin, dieldrin, b-HCH and chlordecone by means of 3-day population growth and 4-day RE production tests; (2) screen out the suitable endpoints for monitoring the effects of these OCPs on the reproduction of B. calyciflorus.
Materials and methods
B. calyciflorus were obtained by hatching RE collected from sediments of Lake Jinghu (31x33'N, 118x37'E) located in the center of Wuhu city in the east of China and then clonally culturing under controlled laboratory conditions. Stock rotifer cultures were kept under staticrenewal conditions with natural illumination without artificial lighting at 25¡ 1 xC in an illumination incubator for over 1 year. Rotifers were daily fed on S. obliquus at 1.0-2.0 r 10 6 cells.mL x1 . Before the experiments commenced, rotifers were cultured in the EPA medium (pH 7.4-7.8; prepared by dissolving 96 mg NaHCO 3 , 60 mg CaSO 4 , 60 mg MgSO 4 , and 4 mg KCl in 1 L distilled water) (USEPA, 1985) and fed on 3.0 r 10 6 cells.mL x1 of S. obliquus at 25¡ 1 xC for at least two weeks. Algae were grown in a semi-continuous culture using a HB-4 medium (Li et al., 1959) renewed daily at 20%. Algae in exponential growth were centrifuged and resuspended in distilled water and then stored at 4 xC. The density of the stock algal concentrate was estimated using a haemocytometer (Tiefe, 0, 100 mm, 1/400 qmm, Germany).
Aldrin, dieldrin, b-HCH and chlordecone (purity at least 99%) were all purchased from Sigma-Aldrich (Munich, Germany), which were first all dissolved to 1000 mg.L x1 in 100% acetone, then diluted with the EPA medium to stock solutions of 10 mg.L x1 which were stored at 4 xC until used, and the desired concentration containing not more than 0.1% acetone.
Considering the very low concentration (ng.L x1 to mg.L x1 ) of the four OCPs existing in natural water bodies (Heberer, 2002; Xue et al., 2005) and preliminary rangefinding tests showed that 500 mg.L x1 of chlordecone led to 100% mortality of the rotifers during the initial 24 h exposure, but that 50 mg.L x1 of chlordecone and 1000 mg.L x1 of dieldrin and b-HCH did not cause any mortality, and 1000 mg.L x1 of aldrin nearly led to 100% mortality of the rotifers on the third day, the selected final test concentrations were: aldrin (0.001, 0.01, 0.1, 1, 10 and 100 mg.L x1 ), dieldrin (0.001, 0.01, 0.1, 1, 10, 100 and 1000 mg.L x1 ), b-HCH (0.001, 0.01, 0.1, 1, 10, 100 and 1000 mg.L x1 ) and chlordecone (0.0005, 0.005, 0.05, 0.5, 5 and 50 mg.L x1 ). Four replicates were carried out for each treatment. A control of the EPA medium and a solvent control containing 0.1% acetone were also tested.
All the experiments were conducted in about 8-mL custom-built glass chambers and started by introducing 10 neonates (< 3 h old, hatched from parthenogenetic eggs on the EPA medium with 3.0 r 10 6 cells.mL x1 of S. obliquus) into each chamber containing 5 mL of the test solution and 3.0 r 10 6 cells.mL x1 of S. obliquus. Thereafter, the rotifers were cultured under static conditions with natural illumination without artificial lighting at 25 ¡ 1 xC in an illumination incubator for 3 days. During the experimental period, the original rotifers and their RE (if any) were daily transferred into freshly prepared test solution containing 3.0 r 10 6 cells.mL x1 S. obliquus and the algae deposited at the bottom of each chamber were resuspended every 12 h with a micropipette. Then, the number of each type of rotifer females was counted following the method described by Xi et al. (2007) . Rotifers were classified as unfertilized and fertilized mictic females, amictic females by the size and morphology of their eggs, and non-ovigerous females. All the rotifers were continually cultured for another 24 h to count the number of RE (if any). Meanwhile, the population growth rate (r, r= (ln N t xln N 0 )/t, where N 0 and N t are 2nd and final rotifer population density, respectively, and t = 3), the ratio of ovigerous females to non-ovigerous females (OF/NOF), the ratio of mictic females to amictic females (MF/AF), the mictic rate (MR), and the fertilization rate (FR) were calculated according to Radix et al. (2002) . One-way analysis of variance (ANOVA) by SPSS 16.0, with concentration as the independent variable, and r, OF/NOF, MF/AF, MR, FR or RE, as dependent variables, followed by Dunnett's test was conducted for pairwise comparisons of each pesticide concentration and the solvent control relative to the control (Zar, 1999) . From these results, no-observed-effect concentration (NOEC) and lowest-observed-effect concentration (LOEC) were determined and median effective concentration (EC 50 ) was calculated using regression analysis for each compound (Stephan and Rogers, 1985) .
Results
Compared with the control, 0.1% acetone did not significantly influence all the population parameters and RE of the rotifers (P > 0.05).
Aldrin significantly affected r, OF/NOF, MR and RE (P < 0.05), but had no significant effect on the MF/AF and FR of the rotifers (P > 0.05). Aldrin at 10 mg.L x1 significantly increased the r, but aldrin at 100 mg.L x1 markedly decreased it. Aldrin at 0.1 mg.L x1 highly significantly increased the OF/NOF, but aldrin at concentrations higher than 1 mg.L x1 significantly decreased the OF/NOF and MR. Furthermore, aldrin at 10 mg.L x1 markedly decreased RE of the rotifers (Fig. 1) .
Dieldrin significantly decreased all the population parameters and RE of the rotifers (P< 0.05). Compared with the control, dieldrin at 0.001 and 0.1, 0.01 and 1000, lower than 0.1 and 1000, lower than 0.1 and higher than 10, 1000 mg.L x1 significantly decreased r, OF/NOF, MF/AF, MR and FR, respectively. Meanwhile, dieldrin at 0.001, 0.1 and 1000 mg.L x1 also significantly decreased RE of the rotifers (Fig. 1) .
b-HCH significantly influenced all the population parameters and RE of the rotifers (P< 0.05). Compared with the control, b-HCH at 0.1-100 mg.L x1 decreased the r, but b-HCH at 1000 mg.L x1 markedly increased it. b-HCH at 0.001 mg.L x1 highly significantly increased the OF/NOF, but b-HCH at concentrations 0.1 and higher than 1 mg.L x1 significantly decreased it. b-HCH at 1 and 10 mg.L x1 highly significantly increased the MF/AF. b-HCH at 1 mg.L x1 highly significantly increased the MR, but b-HCH at 1000 mg.L x1 highly significantly decreased it. b-HCH at concentrations higher than 10 and 1 mg.L x1 highly significantly decreased the FR and RE, respectively (Fig. 1) .
Chlordecone significantly affected r, OF/NOF, MR and RE (P< 0.05), but had no significant effect on the MF/AF and FR of the rotifers (P > 0.05). Compared with the control, chlordecone at 0.05 and 50 mg.L x1 significantly decreased r. Chlordecone at 0.005 and higher than 0.5 mg.L x1 markedly decreased the OF/NOF. Chlordecone at 0.005, 0.05 and 50.0 mg.L x1 all significantly decreased the MR. Furthermore, chlordecone at concentrations higher than 0.005 mg.L x1 markedly decreased RE of the rotifers (Fig. 1) .
A clear dose-response relationship existed between RE and the concentration of dieldrin, b-HCH, chlordecone, and the OF/NOF and aldrin concentration (Table 1) .
A comparison among NOEC, LOEC and EC 50 of all the parameters for each compound showed that both LOECs and EC 50 s of the RE were not more than those of the r for dieldrin, b-HCH and chlordecone, and those of OF/NOF were the lowest among all the parameters for the aldrin (Table 2) . Discussion Halbach (1984) was among the first person to use population growth as a tool for evaluating the effects of toxicants. Several workers later have used this approach for many species of rotifers such as B. plicatilis, B. calyciflorus and B. patulus to quantify the effects of pesticides (i.e., DDT, lindane, thiophanate-methyl, glyphosate, diazinon, fenitrothion, methoprene, isoprothiolane, cypermethrin, deltamethin, dicofol, endosulfan, atrazine and carbaryl) Sarma, 1986, 1990; Janssen et al., 1994; Xi and Feng, 2004; Chu et al., 2005; Marcial et al., 2005; Xi et al., 2007; Huang et al., 2011; Lu et al., 2012) and other pollutants (i.e., growth hormone, human chorionic gonadotropin, 17b-estradiol, triiodothyronine, 20-hydroxyecdysone, 5-hydroxytryptamine, c-aminobutyric acid, juvenile hormone, ethinylestradiol, nonylphenol, testosterone, phthalate acid esters and melamine) (Gallardo et al., 1997; Radix et al., 2002; Zhao et al., 2007; Wen et al., 2011) .
In a previous study, we found that aldrin at 20-640 mg.L x1 significantly increased the r by means of lifetable techniques with B. calyciflorus , which was absolutely similar to our present results that aldrin at 10 mg.L x1 significantly increased the r. Another study results showed that dieldrin at 100 mg.L x1 significantly decreased r of B. calyciflorus (Huang et al., 2012) , which was similar to our present results that dieldrin at 0.001 and 0.1 mg.L x1 significantly decreased it, but dieldrin at 100 mg.L x1 did not affect it significantly. Furthermore, chlordecone at 0.05 mg.L x1 significantly increased the r of B. calyciflorus, which was different from 
the results obtained by that chlordecone did not significantly influence the r. From the aforementioned results, we can find an increase in the r of B. calyciflorus with low dose of aldrin and chlordecone. This, phenomenon known as hormesis, has been reported for many species of zooplankton (Calabrese and Baldwin, 2003; Gama-Flores et al., 2007; Guo et al., 2012b; Rumengan and Ohji, 2012) . However, dieldrin promoted the decrease in the r. There were two possible reasons for the disparity between these results. One might be the difference in toxicity test methods such as life table demography and population growth studies. The life table method does not provide information on the possible adaptation of offspring born under the toxicant treatments, but the population growth method can do. The other might be different from pesticide species and sensitivity of the rotifer B. calyciflorus to different pesticides. However, the detailed reasons for their different effects need further research in the future. Radix et al. (2002) found that nonylphenol at concentrations from 129.94 to 599.05 mg.L x1 significantly increased the OF/NOF in B. calyciflorus population, but the reverse was true for ethinylestradiol at concentrations higher than 201.55 mg.L x1 . Meanwhile, testosterone did not significantly influence it, which was similar to butyl benzyl phthalate, but both 5000 mg.L x1 di-n-butyl phthalate and 5-5000 mg.L x1 di (2-ethylhexyl) phthalate significantly increased the OF/NOF . Furthermore, lindane at 7000 mg.L x1 significantly increased the OF/NOF, but the reverse was true for DDT at concentrations higher than 240 mg.L x1 , dicofol at 1200 mg.L x1 and endosulfan at 7000 mg.L x1 . In a previous study, results showed that cypermethrin at 500 mg.L x1 significantly increased the OF/NOF, but deltamethrin at each concentration did not significantly affect it (Huang et al., 2011) . In the present study, we found that both aldrin at 0.1 and b-HCH at 0.001 mg.L x1 highly significantly increased the OF/NOF, but aldrin at concentrations higher than 1, dieldrin at 0.01 and 1000, b-HCH at concentrations 0.1 and higher than 1 and chlordecone at 0.005 and higher than 0.5 mg.L x1 all significantly decreased it. From the results stated above, it might be concluded that the effect of pollutants on the OF/NOF in a rotifer population depended on the pollutant species. Sensitivity of the rotifer B. calyciflorus to different pollutants might be different. A similar conclusion was obtained by an environmental pollutant including the present four pesticides influenced the MF/AF of rotifers (Radix et al., 2002; Xi et al., 2007; Zhao et al., 2007; Huang et al., 2011) .
In the present study, dieldrin and b-HCH at higher concentrations decreased significantly the FR, which was similar to the result of DDT , but aldrin and chlordecone had no significant effect on it, which was similar to the results of pentachlorophenol, cadmium and naphthol (Snell and Carmona, 1995) , dicofol, lindane and endosulfan , chlorpyrifos, flutamide, testosterone, nonylphenol, diazinon, fenitrothion, methoprene and isoprothiolane (Preston et al., 2000; Marcial et al., 2005) , and cypermethrin and deltamethrin (Huang et al., 2011) . It is possible that lower production of males is one of the reasons which decreased the FR of rotifers.
The general hypothesis that repression of sexual reproduction was a general response to environmental stresses of many types (Lubzens et al., 1985; Snell, 1986; Snell and Boyer, 1988; Snell and Carmona, 1995; Preston et al., 2000; Xi and Feng, 2004; Marcial et al., 2005; Xi et al., 2007) . Similar results were obtained in the present study for dieldrin, chlordecone and b-HCH. The comparison among NOEC, LOEC and EC 50 of all the parameters for each compound showed that both LOECs and EC 50 s of the RE were not more than those of the r for all the tested compounds except aldrin ( Table 2 ), indicating that sexual reproduction was more sensitive than asexual reproduction to those compounds, meaning that the RE was a suitable endpoint for assessing the effects of these three pesticides, which agreed with the results obtained by Snell and Carmona (1995) , Xi and Feng (2004) and Xi et al. (2007) . Meanwhile, the OF/NOF in B. calyciflorus population was a suitable endpoint for assessing the effects of aldrin, which was similar to the results of Radix et al. (2002) on ethinylestradiol and nonylphenol. Furthermore, the MR was a secondary sensitive endpoint for assessing the effects of aldrin and chlordecone. The other endpoints were not suitable for assessing the effects of these OCPs in the present study. However, asexual reproduction parameters such as r sometimes are more sensitive than sexual reproduction parameters such as RE to some pesticides Huang et al., 2011) . The important L. Huang et al.: Ann. Limnol. -Int. J. Lim. 49 (2013) 79-85 83 reasons are possible differences between rotifer species or strains or contaminant categories.
Conclusion
Organochlorine pesticides tested in this study such as aldrin, dieldrin, b-HCH and chlordecone affected the asexual and sexual reproductions of B. calyciflorus, and changed the population structure. The assessment of a 3-day population growth or 4-day RE production test might be used to quantitatively monitor the effects of the four organochlorine pesticides on the reproduction of rotifers, and RE production and the ratio of ovigerous females to non-ovigerous females in rotifer populations might be suitable endpoints for monitoring the low concentration of the three organochlorine pesticides (dieldrin, b-HCH and chlordecone) and aldrin in natural water bodies, respectively.
